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Abstract: Cage plus plate (CP) and zero-profile (Zero-P) devices are widely used in anterior cervical discectomy
and fusion (ACDF). This study aimed to compare adjacent segment biomechanical changes after ACDF when
using Zero-P device and CP in different segments. First, complete C1—C7 cervical segments were constructed
and validated. Meanwhile, four surgery models were developed by implanting the Zero-P device or CP into C4—C5
or C5—C6 segments based on the intact model. The segmental range of motion (ROM) and maximum value of the
intradiscal pressure of the surgery models were compared with those of the intact model. The implantation of CP
and Zero-P devices in C4—C5 segments decreased ROM by about 91.6% and 84.3%, respectively, and increased
adjacent segment ROM by about 8.3% and 6.82%, respectively. The implantation of CP and Zero-P devices in
C5—C6 segments decreased ROM by about 93.3% and 89.9%, respectively, while increasing adjacent segment
ROM by about 4.9% and 4%, respectively. Furthermore, the implantation of CP and Zero-P devices increased
the intradiscal pressure in the adjacent segments of C4—C5 segments by about 4.5% and 6.7%, respectively. The
implantation of CP and Zero-P devices significantly increased the intradiscal pressure in the adjacent segments of
C5—C6 by about 54.1% and 15.4%, respectively. In conclusion, CP and Zero-P fusion systems can significantly
reduce the ROM of the fusion implant segment in ACDF while increasing the ROM and intradiscal pressure of
adjacent segments. Results showed that Zero-P fusion system is the best choice for C5—C6 segmental ACDEF.
However, further studies are needed to select the most suitable cervical fusion system for C4—C5 segmental
ACDF. Therefore, this study provides biomechanical recommendations for clinical surgery.
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0 Introduction

Cervical spondylosis is characterized by the com-
pressed cervical spinal cord, nerve roots, or verte-
bral arteries due to long-term cervical strain, osteo-
phytes, or disc prolapse, resulting in various functional
disorders!!. Although anterior cervical discectomy and
fusion (ACDF) is considered the gold treatment of cer-
vical spine disorders!?| it is associated with adjacent
segment degeneration (ASD)P!. Studies have shown
that ASD may be caused by an abnormal segmen-
tal range of motion (ROM) and intradiscal pressurel.
Results of biomechanical study suggest that ASD is
caused by excessive activity and increased stress in
adjacent segments after cervical fusion cage system is
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implanted, which leads to accelerated degeneration of
these segments(®].

Although the cage plus plate (CP) fusion system is
widely used in ACDF, it increases the risk of postop-
erative complications, such as postoperative dysphagia,
tracheoesophageal lesions, and ASDI®!. As a result, a
zero-profile (Zero-P) device has been developed to avoid
the possible irritation of adjacent segments caused by
the plate used in the CP fusion system!”). Zhang et
al.l8 showed that CP and Zero-P systems have similar
clinical and radiological outcomes after ACDF based
on the incidence of postoperative ASD. However, they
did not determine the biomechanical properties of the
adjacent segments after using the two fusion systems in
ACDF.

Hua et al.l”! constructed a finite element cervical
spine model consisting of C2—C7 segments and com-
pared the biomechanical properties of the adjacent seg-
ments using one- or two-level CP and Zero-P devices
implanted in the same segment. Similarly, they did not



determine the biomechanical properties of adjacent seg-
ments after the implantation of different systems. In
this study, a complete model of the finite element cer-
vical spine consisting of C1—C7 was constructed, and
then two fusion systems (CP and Zero-P devices) were
implanted between the two segments with high clinical
morbidity. The ROM of adjacent segments and the in-
tradiscal pressure of the cervical spine were analyzed
under three conditions, including flexion extension, lat-
eral flexion, and axial rotation. Therefore, this study
may provide a theoretical basis for the biomechanical
causes of ASD and a technical guide for the mechanical
aspects of the ACDF procedure.

1 Materials and Methods

1.1 Establishment of an Intact Cervical Spine
C1—C7 Model

A 24-year-old male with a height of 181 cm, body
mass of 67 kg, without a history of trauma to the neck,
and without cervical spine disease (based on X-ray ex-
amination) volunteered for the study. This study was
approved by the ethics committee of the School of Me-
chanical Engineering, Xinjiang University, and the sub-
ject signed the relevant informed consent form. A CT
scanner was used to scan the male volunteer’s cervi-
cal spine. Set the scanning layer thickness to 1mm
and the layer spacing to 1mm in the scanning pro-
cess. The whole head and neck scanning process was
performed by professional scanning technicians in the
department. A total of 843 images in DICOM format
were obtained and saved. The DICOM files were im-
ported into Mimics (Materialise Inc., Leuven, Belgium)
for the reconstruction of a 3D model of each verte-
bra. Spatial geometry of the cervical vertebrae was
then recovered and reproduced. Smooth and geomet-
rically sound 3D vertebrae were constructed in Mimics
using threshold segmentation, region growing, erasing,
editing, and smoothing and exported as STL files. The
STL files were further processed in FreeForm Model-
ing Plus (3D Systems, Inc., SC, USA) and Geomagic
Studio 2012 (Geomagic, Inc., NC, USA) for the con-
struction of the solid model and exported as IGES files.
The IGES file was imported in Hypermesh 14.0 (Altair
Engineering, Inc., Troy, MI, USA), and the complete
solid model of the cervical spine was meshed. In the
finite element analysis, the vertebral body of the cervi-
cal spine can be divided into cortical bone, cancellous
bone, endplate and posterior structure. The cortical
bone was simulated by triangular shell unit (thickness
is 1 mm). The cancellous bone was simulated by mixed
tetrahedral and pentahedral unit, while the endplate
was simulated by rectangular unit. The fibrous ring
matrix, nucleus pulposus, and cartilage were simulated
by eight-node hexahedral unit. The ligament was only
under tension and not compression, and was simulated
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by a 1D rod truss unit. It includes anterior longitudinal
ligament, posterior longitudinal ligament, ligamentum
flavum, interspinal ligament, joint capsule ligament and
posterior capsule ligament. The location of ligaments
is determined according to anatomy!!0-12],

1.2 Fusion System Design and Modeling

The plate in the CP fusion system is made of medi-
cal titanium alloy. The plate has a height of 5 mm from
the adjacent disc to prevent bone impingement with the
anterior edge of the adjacent vertebral body!'3l. The
intraoperative ACDF screws using the CP fusion sys-
tem should have an outward dispersion of 32° in the
sagittal plane and an inward coalescence of 6° in the
transverse plane to maintain the stability of the fusion
system. Zero-P fusion system consists of an anterior ti-
tanium plate, a posterior PEEK interbody fusion, and
interbody screws with four locking screw holes in the
titanium plate with fixed angles to allow the screws to
be locked to their cephalad/caudal side at an angle of
40° and to their medial/external side at 2.5°1]. In this
study, the cancellous bone screws (length is 14 mm and
diameter is 3.5 mm) were used in both fusion devices. A
simplified model without threads was used in the mod-
eling process (material is medical titanium alloy)'®).

Several studies have shown that the prevalence of cer-
vical spondylosis is higher in C4—C5 and C5—C6 seg-
ments than in other segments. Therefore, fusion im-
plantation was simulated into these two segments['®.
The two anterior internal fixation systems in the in-
tervertebral body were designed and assembled us-
ing SolidWork 2014 (SolidWorks Corp., MA, USA) to
simulate the surgical implantation process and gener-
ate solid models. The screw, fixation plate, fusion,
and implant in the Hypermesh were all linearly elas-
tic isotropic materials. The established model is shown
in Fig. 1.

The normal human cervical spine model and the
models of the two fusion devices implanted in differ-
ent segments were imported into the finite element cal-
culation software ABAQUS 14.0 (Simulia, Inc., Rhode
Island, USA), and the cell type and material properties
were assigned. The material properties of each compo-
nent and the cell selection were determined based on
the selection in literature. The detailed parameters are
shown in Table 11722,

1.3 Boundary and Loading Conditions

In the C1—C7 model of the intact cervical spine and
the CP and Zero-P implantation models, the C1 verte-
bral body center of mass was extracted to prevent arti-
ficial stress concentration caused by concentrated force
loading[®. Furthermore, the center of the mass point
was coupled to the C1 vertebral body to ensure that
the concentrated force was uniformly dispersed to the
surface of the vertebral body'!). The mass of the hu-
man head is generally 7% of the body mass. According
to the body mass of volunteers, a 46.9 N concentrated
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(a) Complete cervical vertebra model

(b) C4—C5 segment implanted
with Zero-P

(f) Zero-P fusion
system

(¢) C5—C6 segment implanted
with Zero-P

(d) C4—C5 segment implanted
with CP

(e) C5—C6 segment implanted
with CP

Fig. 1 Complete C1—C7 cervical vertebra model and the model implanted with fusion

Table 1 Unit selection and material parameters of each part of the cervical spine model

Model structure Element type

Cortical bone S4R/S3
cancellous bone C3D8R/C3D4

Endplate S4R

Fibrous ring matrix C3D8R

Medullary nucleus C3D8R

Articular cartilage C3D8R
Anterior longitudinal ligament (ALL) T3D2
Posterior longitudinal ligament (PLL) T3D2
Ligamentum flavum (LF) T3D2
Interspinous ligament (ISL) T3D2
Capsule ligament (CL) T3D2

Fusions C3D8R

Bone graft C3D8R

Titanium C3DS8R

force was applied at the center of mass, the load direc-
tion was vertical downward, and 1.0N-m torque was
applied in different directions to simulate the anterior
and posterior flexion and extension, left and right lat-
eral flexion, and left and right rotation of the cervical
spinel?3l. The three physiological motion states were

Elastic modulus/MPa

Poisson’s ratio Cross-sectional area/mm?

10000 0.3 —
100 0.4 —
450 0.4 —
3.4 0.4 —

1 0.49 —
10.4 0.4 —
30 0.4 6.1
20 0.4 5.4
10 0.4 50.1
10 0.4 13.1
20 0.4 50.1

3600 0.31 —
3500 0.3 —

110000 0.32 —

simulated. The lower surface of the C7 vertebral body
of the above five finite element models was fully con-
strained and subjected to finite element analysis and
calculation. The ROM of each segment of the complete
cervical spine finite element model was analyzed un-
der different motion modes and compared with previous



literature to verify the validity of the model.

2 Results

2.1 Model Validation

The complete cervical spine model established was
analyzed using finite element analysis. The results were
then compared with the human cadaveric cervical spine
experiments conducted by Panjabi et al.?¥! and the
cervical spine model (including the skull) established
by Zhang et al.?4 to validate the model. The results
of the mobility of each segment under different work-
ing conditions and motion patterns are shown in Fig. 2.
The cervical spine finite element calculation model was
consistent with the overall cervical spine motion trend
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of ROM obtained from the previous solid experiments

and simulation results.

2.2 Comparison of Segmental Mobility After
Implantation of Fusion Devices in Different
Segments

The ROMs of the adjacent segments and the im-
planted segments after the implantation of CP and
Zero-P fusion systems are shown in Tables 2 and 3.
The implantation significantly decreased the ROM of
the segment compared with the intact model and in-
creased the ROM of the adjacent segments.

Compared with the C4—C5 segments of the intact
cervical spine model, the implantation of CP and Zero-
P devices reduced the ROM in flexion-extension by
92.6% and 87.1%, respectively; in lateral flexion by
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Fig. 2 Comparison of each segment ROM of C1—CT7

Table 2 Comparison of ROMs after implantation of CP and Zero-P systems cage in C4—C5 ®)

Flexion-extension Lateral bending Axial rotation
Segment
Normal CP Zero-P Normal CP Zero-P Normal CP Zero-P
C3—C4 7.63 8.76 8.34 8.72 8.96 8.94 6.14 6.38 6.54
C4—C5 6.89 0.51 0.89 8.52 0.65 1.21 6.28 0.64 1.23

C5—C6 6.11 6.88 6.54 6.32 6.68 6.62 6.33 6.96 7.02
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Table 3 Comparison of ROMs after the implantation of CP and Zero-P devices in C5—C6 (©)

Flexion-extension

Segment

Normal CP Zero-P Normal
C4—C5 6.89 7.61 7.23 8.52
C5—C6 6.11 0.46 0.61 6.32
C6—C7 4.98 5.16 5.12 4.31

92.4% and 85.5%, respectively; and in axial rotation
by 89.8% and 80.4%, respectively (Table 2). Further-
more, the implantation of CP and Zero-P devices in-
creased the ROM of the adjacent segments for C3—
C4 by 14.8% and 9.3% in flexion-extension, respec-
tively; 2.8% and 2.5% in lateral flexion, respectively;
and 3.9% and 6.5% in axial rotation, respectively (com-
pared with the intact model). The implantation of
CP and Zero-P devices also increased the ROM of the
adjacent segments for C5—C6 by 12.6% and 7.0% in
flexion-extension, respectively; 5.7% and 4.7% in lat-
eral flexion, respectively; and 10% and 10.9% in rota-
tion, respectively (compared with the intact model). In
summary, the implantation of CP and Zero-P devices
increased the ROM in the adjacent segments by about
8.3% and 6.28%, respectively.

Compared with the intact cervical spine model in the
C5—C6 segments, the implantation of CP and Zero-P
devices reduced the ROM by 92.5% and 90% in flexion-
extension, respectively; by 92.4% and 88.4% in lateral
flexion, respectively; and by 95.1% and 91.2% in ax-
ial rotation, respectively (Table 3). Furthermore, the
implantation of the fusion system caused changes in
the ROM of adjacent segments. The implantation of
CP and Zero-P devices increased the ROM in the adja-
cent segments of C4—C5 by 10.4% and 4.9% in flexion-
extension, respectively; by 1.5% and 0.23% in lateral
flexion, respectively; and by 1.8% and 2.2% in axial ro-
tation, respectively (compared with the intact model).
The implantation of CP and Zero-P devices increased
the ROM in the adjacent segments of C6—C7 by 3.6%
and 2.8% in flexion-extension, respectively; by 5.8%
and 3% in lateral flexion, respectively; and by 6.1% and
10.6% in axial rotation, respectively (compared with
the intact model). In summary, the implantation of CP
and Zero-P devices increased the ROM in the adjacent
segments by about 4.9% and 4%, respectively.

Lateral bending

Axial rotation

CP Zero-P Normal CP Zero-P
8.65 8.54 6.28 6.39 6.42
0.48 0.73 6.33 0.31 0.56
4.56 4.44 3.12 3.31 3.45

2.3 Comparison of Intradiscal Pressure in Ad-
jacent Segments After Implantation of Fu-
sion Devices at Different Segments

The implantation of CP and Zero-P devices in the
C4—C5 segments increased the intradiscal pressure in
both C3-—C4 and C5—C6 adjacent segments (Table 4
and Fig. 3). For the C3—C4 segments, CP and Zero-P
devices increased the intradiscal pressure by 1.4% and
2.1% in flexion-extension, respectively; by 3.5% and
4.7% in lateral flexion, respectively; and by 8.6% in
axial rotation (compared with the intact model). For
the C5—C6 segments, CP and Zero-P devices increased
the intradiscal pressure by 0.7% and 3.6% in flexion-
extension, respectively; by 11.5% and 16.1% in lateral
flexion, respectively; and by 1% and 5.2% in axial ro-
tation, respectively (compared with the intact model).
In summary, the implantation of CP and Zero-P de-
vices into C4—C5 increased the intradiscal pressure in
the adjacent segments by about 4.5% and 6.7%, respec-
tively.

The implantation of CP and Zero-P devices in the
C5—C6 segments increased the intradiscal pressures in
the adjacent C4—C5 and C6—C7 segments (Table 5
and Fig. 4). For the C4—C5 segments, CP and Zero-P
devices increased the intradiscal pressures by 20.1% and
5.9% in flexion-extension, respectively; by 26.9% and
14.4% in lateral flexion, respectively; and by 27% and
18% in axial rotation, respectively (compared with the
intact model). For the C6—C7 segments, CP and Zero-
P devices increased the intradiscal pressures by 71.3%
and 18.5% in flexion-extension, respectively; by 90.5%,
13.5% in lateral flexion, respectively; and by 88.9% and
22.2% in axial rotation, respectively (compared with
the intact model). In summary, the implantation of
CP and Zero-P devices into C5—C6 increased the in-
tradiscal pressure in the adjacent segments by about
54.1% and 15.4%, respectively.

Table 4 Intradiscal pressure in adjacent segments after implantation of CP and Zero-P devices in C4—C5

Flexion-extension

Segment

Normal CP Zero-P Normal
C3—C4 1.43 1.45 1.46 0.85
C4—C5 1.69 — — 1.04

C5—C6 1.37 1.38 1.42 0.87

MPa
Lateral bending Axial rotation
CP Zero-P Normal CP Zero-P
0.88 0.89 0.81 0.88 0.88
— — 1.00 — —
0.97 1.01 0.96 0.97 1.01
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Fig. 3 Cloud plots of intradiscal pressure at adjacent segments after implantation of CP and Zero-P devices in C4—C5

under different working conditions

Table 5 Intradiscal pressure in adjacent segments after implantation of CP and Zero-P device in C5—C6

Normal

Segment
C4—C5h 1.69
C5—C6 1.37

C6—C7 1.08

Flexion-extension

Lateral bending

Normal CP
1.04 1.32
0.87 —
0.74 1.41

MPa
Axial rotation
Normal CP Zero-P
1.00 1.27 1.18
0.96 — —
0.72 1.36 0.88
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3 Discussion

So far, whether ASD is caused by natural degener-
ation or cervical surgery remains unclear®, abnormal
ROM and intervertebral disc pressure at adjacent seg-
ments may be the primary cause of ASD. Here, CP
or Zero-P fusion systems were implanted into differ-
ent cervical segments. After surgery, the ROM and in-
tradiscal pressure of adjacent segments were evaluated
using finite element analysis. The use of pure moments
was performed to simulate the motion of the cervical
spine in different working conditions, because pure mo-
ments offer two important advantages when evaluating

spinal instrumentation in vitro: the pure moment ap-
plied to the spinal specimen can be applied equally to
all segments of the specimen, and the pure moment can
remain in the same direction as the spinal deformation
during the test!?3]. This loading method, moreover, has
been recognized in different literature for relevant finite
element analysis calculations. Therefore, the pure mo-
ment was also chosen for this study!®'!. In the finite
element analysis, the corresponding cervical vertebra
model is used for simulation combined with the in vitro
experiment of Panjabi et al.[?*] and the relevant finite
element experiment of Cao et al.'Y). In this study, the
validity of the model was confirmed, and the results



confirmed that it is possible to use pure moments and
the selected cervical vertebra model. Therefore, the re-
sults of the finite element calculation in this article are
valid.

Clinical studies have shown that ACDF causes a sig-
nificant reduction in the ROM of the implanted segment
because the ROM of the implanted segment decreases
dramatically. To restore the active response of the cer-
vical spine, adjacent segments will compensate for in-
creasing their ROMs, causing abnormal disc load, which
may be an important reason for ASD[?425]  Balaram
et al.l?% reported that the ROM value at the fusion
segment decreased sharply after using CP or Zero-P fu-
sion system for ACDF in the cadaver cervical vertebra
model, whereas that of adjacent segments increased to
varying degrees. This work obtained similar results.
Meanwhile, the segment mobility of the Zero-P fusion
system is greater than that of the CP system, regardless
of which segment the fusion is implanted in; except un-
der the rotating condition, the adjacent segment ROM
of the Zero-P fusion system becomes less than that of
the CP system. Unlike the CP system, the Zero-P fu-
sion system can effectively reduce the biomechanical
response of adjacent segments and ensure the overall
stability of the cervical spine.

Previous studies involving in vitro tests reveal that
abnormal pressure in adjacent intervertebral discs af-
ter implantation of the fusion system may be another
important factor for ASD development!?”). A nutri-
ent exchange between the intervertebral disc and bone
segment is heavily influenced by diffusion and osmotic
gradient to a great extent. Therefore, the continuous
increase of the pressure in the intervertebral disc may
damage the nutrition diffusion, resulting in the deterio-
ration of the intervertebral disc/?®!. Eck et al.l?’! found
increased pressure in the adjacent intervertebral discs.
In this study, the pressure in the adjacent intervertebral
discs of the fusion segment was greater than that in the
complete model after using the CP fusion system or the
Zero-P fusion system for ACDF; the results were con-
sistent with that of in vitro experiments. Meanwhile,
when the fusion system is implanted into the C4—C5
segments, the intervertebral disc pressure of adjacent
segments using the Zero-P fusion system is greater than
that using the CP fusion system. In contrast, when
the fusion system is implanted into the C5—C6 seg-
ments, the intervertebral disc pressure of adjacent seg-
ments using the Zero-P fusion system becomes lower
than that using the CP fusion system. Therefore, in
terms of the internal pressure changes of adjacent in-
tervertebral discs, the performance of the two fusions
had their advantages and disadvantages, with no signif-
icant difference.

This study has limitations. First, the complete cer-
vical vertebra model and the two implant models did
not consider muscle structure in the modeling process,
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which can not accurately simulate the cervical motion
state, and may affect the finite element results. Addi-
tionally, all parameters selected in this study, including
the angle of screw implantation and the design of the fu-
sion system, were from the literature and assumptions.
In this regard, changes in these factors may also influ-
ence the performance of the two fusion systems follow-
ing cervical spine implantation. Thus, when these fac-
tors are combined, the biomechanical effects produced
should be further studied.

4 Conclusion

For both CP and Zero-P fusion systems used
for ACDF, fusion implant segment ROM decreases,
whereas adjacent segment ROM and intervertebral disc
pressure of adjacent segments increase. Unlike the
Zero-P device system, the CP fusion system has a
greater ROM loss in the implanted segment. The differ-
ence may be due to the lower stability of the Zero-P de-
vice than the CP system. Additionally, both have their
advantages and disadvantages in the changes of inter-
vertebral disc pressure at adjacent segments. If we ana-
lyze how to select a fusion system from two aspects, i.e.,
reducing the ROM of adjacent segments and abnormal
pressure in the intervertebral disc, the Zero-P fusion
system becomes the best option for ACDF of the C5—
C6 segments. For the ACDF of the C4—C5 segments,
a further comparison is required to select the most suit-
able fusion system. As an exploratory study, this work
is not a direct guide to clinical surgery, but a biome-
chanical comparison between two fusion systems at
different segments. Recommendations on biomechan-
ics are hereby made for other researchers to conduct
follow-up research. Therefore, the actual implantation
effect of the two fusion systems warrants an additional
clinical evaluation and investigation.
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